Objectives: Remote ischemic preconditioning (RIPC) is a powerful endogenous mechanism whereby a brief period of ischemia is capable of protecting remote tissues from subsequent ischemic insult. While this phenomenon has been extensively studied in the heart and brain in animal models, little work has been done to explore the effects of RIPC in human patients with acute cerebral ischemia. This study investigates whether chronic peripheral hypoperfusion, in the form of pre-existing arterial peripheral vascular disease (PVD) that has not been surgically treated, is capable of inducing neuroprotective effects for acute ischemic stroke. Methods: Individuals with PVD who had not undergone prior surgical treatment were identified from a registry of stroke patients. A control group within the same database was identified by matching patient's demographics and risk factors. The two groups were compared in terms of outcome by NIH Stroke Scale (NIHSS), modified Rankin scale (mRS), mortality, and volume of infarcted tissue at presentation and at discharge. Results: The matching algorithm identified 26 pairs of PVD-control patients (9 pairs were female and 17 pairs were male). Age range was 20-93 years (mean 73). The PVD group was found to have significantly lower NIHSS scores at admission (NIHSS ≤ 4: PVD 47.1%, control 4.35%, p < 0.003), significantly more favorable outcomes at discharge (mRS ≤ 2: PVD 30.8%, control 3.84%, p < 0.012), and a significantly lower mortality rate (PVD 26.9%, control 57.7%, p = 0.024). Mean acute stroke volume at admission and at discharge were significantly lower for the PVD group (admission: PVD 39.6 mL, control 148.3 mL, p < 0.005 and discharge: PVD 111.7 mL, control 275 mL, p < 0.001). Conclusion: Chronic limb hypoperfusion induced by PVD can potentially produce a neuroprotective effect in acute ischemic stroke. This effect resembles the neuroprotection induced by RIPC in preclinical models.
Introduction
Ischemic stroke is a leading cause of disability worldwide and the fourth leading cause of mortality in adults [1, 2] . There is a growing volume of literature that has demonstrated the powerful effect of ischemic preconditioning as an endogenous neuroprotective mechanism against the effects of cerebral ischemia both in animal models and in early clinical studies [3] [4] [5] [6] [7] . However, clinical application of ischemic preconditioning techniques for acute ischemic stroke can be difficult due to the sudden and largely unpredictable nature of acute cerebral ischemia.
Ischemic preconditioning has typically been elicited in both experimental and clinical studies by brief periods of transient, complete ischemia (total suppression of blood flow) to an organ or tissue for a sub-lethal period of time. It has not been previously investigated in a clinical setting whether chronic remote hypoperfusion is as effective at initiating these neuroprotective effects. To address this question, we hypothesized that a preexisting condition that causes non-cerebral hypoperfusion would have a protective effect in those patients who subsequently suffer a 0303-8467/$ -see front matter © 2013 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.clineuro.2013.07.038 Table 1 The NIHSS score ranges that were used to classify each patient. cerebral infarction. Peripheral vascular disease (PVD) represents just such a condition. We evaluated whether PVD produces a neuroprotective effect, as measured by clinical outcome and infarct volume, by comparing acute ischemic stroke patients with preexisting, untreated PVD with matched controls with no prior history of PVD.
Materials and methods

Patient selection
Patients with a history of PVD were retrospectively identified from a prospectively collected institutional registry of acute ischemic stroke cases. Only individuals who had not undergone any prior surgical intervention for PVD were included. For each PVD patient, a control was identified using a risk-factor matching algorithm. This algorithm matched patients demographically based on age, sex, ethnicity, and race, followed by past medical history for at least two of the following conditions: hypertension, diabetes mellitus, or tobacco use, stroke and transient ischemic attacks (TIA).
Clinical measurements
NIH stroke scale (NIHSS) at presentation and functional outcome at discharge as indicated by modified Rankin scale (mRS) was collected as clinical measurements of stroke severity and clinical outcome. The NIHSS scores were stratified into categories for comparison between groups, as described in Table 1 [8] , and the mRS were graded as favorable (mRS 0-2) or unfavorable (mRS 3-6).
Infarct volume
As an objective measurement of stroke magnitude, the acute stroke volume was measured at presentation and discharge. Acute stroke volume at presentation was evaluated with diffusionweighted MRI (DWI). Acute ischemic lesions were identified as hyperintense regions consistent with restricted diffusion on b = 1000 s/mm 2 DWIs upon initial hospital admission.
T2-weighted or fluid attenuated inversion recovery (FLAIR) imaging and non-contrast CT were used to determine final stroke volume at time of discharge [10, 11] . Final stroke lesion volume was defined as hyperintense regions on FLAIR images or hypodense areas on CT.
Lesion volumes were calculated with the freely available Analysis of Functional NeuroImages software package (AFNI; afni.nimh.nih.gov/afni) using a semi-automated process consisting of manually defining the relative region of the lesion, then thresholding the CT, DWI or FLAIR images based on an empirical intensity-based threshold, and manually editing the resulting contours to exclude obvious errors. Lesion volumes were estimated by multiplying the voxel resolution by the number of voxels retained within the individual contours. 
Statistics
Categorical variables, including stratified NIHSS and mRS, were compared between groups using the Fisher Exact Test for 2 × 2 contingency tables. The mortality rates between the two groups were compared using an odds ratio. Imaging stroke volumes were compared using a paired t-test. Statistical analysis was performed using R: A Language and Environment for Statistical Computing, version 2.15.1 (2012-06-22).
Results
Patient selection
The matching algorithm identified 26 pairs of PVD-control patients. Of these, 9 pairs were female and 17 pairs were male (34.6% and 65.4%). The age range was 20-93 years of age with a mean of 73 years for both groups and comparable standard deviations (PVD 13.6 years, control 12.3 years). The mean age difference between each case and their matched control was 2.5 years. In addition to the clinical risk factors considered in the matching algorithm, the history of atrial fibrillation was compared between the two groups, and found to be no significantly different (38.5% of PVD patients and 30.8% of controls, p-value > 0.75). Table 2 details the demographics and risk factors after the matching algorithm was applied.
Clinical measurements
As a clinical measure of stroke severity, twenty PVD-control pairs had NIHSS scores recorded during their acute hospitalization. The distribution of scores is detailed in Fig. 1 . Among patients with PVD, there were a greater number with minor neurological deficits at presentation (NIHSS 1-4) than in control patients (47.1% Fig. 1 . The distribution of NIHSS score categories between untreated PVD and control patients. vs. 3.9%, respectively, p-value < 0.003). In terms of clinical outcome, mRS scores were available for all patients. There were a larger proportion of good outcomes in patients with PVD compared to controls, as indicated by an mRS score less than 3 (30.8% vs. 38.4%, respectively, p-value < 0.012) (Fig. 2) . Furthermore, there were significantly fewer mortalities in the PVD group (7 patients, 26.9%) compared to controls (15 patients, 57.7%, odds ratio of mortality for PVD group 0.28, CI 0.082-0.885, p-value < 0.03).
Infarct volume
Ten case-control pairs had DWI imaging at presentation available for review (Fig. 3) . The calculated volumes of restricted diffusion were significantly smaller for the PVD (39.6 mL, SD 39.4 mL) group than for the control group (148.3 mL, SD 91.5 mL, p-value < 0.005) (Fig. 4) . Additionally, seventeen case-control pairs had imaging at discharge (10 FLAIR and 7 CT), with an average post-stroke time of 4.8 days for the PVD group and 5.2 days for the control group (Fig. 5) . The calculated volume of completed infarct was significantly lower for the PVD group (111.8 mL, SD 128.63 mL) than for the control group (275.0 mL, SD 141.58 mL, p-value < 0.001) (Fig. 6) . 
Discussion
Clinical application of ischemic preconditioning to the nervous system in the literature
Remote preconditioning is a well-documented mechanism by which ischemia in a distant organ induces a protective effect against subsequent acute ischemic insult in other tissues or organs such as the brain or heart [3, [12] [13] [14] [15] . Experiments in animal models of RIPC have shown that a sub-lethal ischemia to the hind leg will reduce the neurological deficit scores after a complete cerebral artery occlusion [12, 16] .
Early clinical studies have assessed the feasibility and effect of applying RIPC in humans. A study by Koch et al. induced RIPC by using repeated cycles of ischemia and reperfusion in the limbs of patients with subarachnoid hemorrhage and found that the procedure was both safe and well tolerated [5] . This is further supported by our own findings in a clinical trial of RIPC in patients with aneurysmal subarachnoid hemorrhage. Muscle microdialysis data from these patients demonstrated that transient limb ischemia by inflation of a blood pressure cuff above systolic blood pressure induced a decrease in lactate-pyruvate ratio consistent with muscle ischemia. However, the ischemia produced by the preconditioning stimulus was at a safe, sub-lethal level, as indicated by the absence of change in glycerol levels, which indicates that cellular membranes were preserved [17] . In terms of the end-organ effects of preconditioning in these patients, we found that during the RIPC procedures the intracranial pressure and transcranial Doppler waveforms exhibited changes consistent with vasodilation. Moreover, brain microdialysis showed a reduction in the lactate/pyruvate (L/P) ratio and glycerol which persisted for 25-54 h after the last RIPC session [7] .
A trial by Meng et al. to assess the effects of RIPC on patients with intracranial arterial stenosis showed that twice-daily bilateral upper-limb ischemia for 300 days significantly reduced the incidence of stroke compared to a control group [6] . In addition to the growing evidence in support of a neuroprotective effect from remote forms of preconditioning, several studies have addressed the effects of endogenous direct ischemic preconditioning, in the form of transient ischemic attacks preceding acute ischemic stroke. A retrospective study by Weih et al. found that patients who had TIAs before stroke had less severe strokes on admission and significantly better outcomes on follow-up compared to those who first presented with an ischemic stroke [18] . A multicenter study by Wegner et al. also found that patients with prodromal TIAs tended to have smaller initial MRI DWI lesions and significantly smaller final volumes of infarcted tissue [19] .
Peripheral vascular disease as remote ischemic preconditioning
Based on these prior findings, we hypothesized that a condition of chronic blood flow reduction to a limb can act as a form of endogenous remote preconditioning. In this study, we performed a retrospective matched case-control analysis comparing patients with and without PVD who have suffered an ischemic stroke. Our results demonstrate that the group with PVD had significantly better clinical outcomes, smaller infarct volumes, and a lower mortality rate. By using a matching algorithm to pair patient demographics, past medical history and risk factors, and by accounting for stroke etiology in terms of history of atrial fibrillation and a history of TIAs, as it is a potential mechanism of preconditioning, PVD appears to be the only factor responsible for these observed differences. While this study design cannot definitively prove a cause-and-effect relationship between PVD and better clinical and imaging outcomes, the findings suggest that PVD may be acting as a form of remote ischemic preconditioning which exerts a chronic neuroprotective effect.
The results of this study also lend support to the hypothesis that hypoperfusion induced by peripheral vascular disease on the lower limb tissues is a suitable stimulus to induce remote preconditioning. The majority of preconditioning models utilize a brief period of transient, complete (zero blood flow) ischemia as a preconditioning stimulus. However, as evidenced by the improved outcomes and reduced infarct volumes in the PVD group, it may be possible that chronically reduced, but not absent, blood flow relative to the need of a tissue or organ is capable of producing similar neuroprotective effects as seen in transient, complete ischemia preconditioning models.
The correlation between PVD and acute cerebral ischemia, owing to their shared underlying risk factors and atherosclerotic vascular pathology, has been well explored in the literature. Heald et al. conducted a systematic literature review of studies comparing a low ankle-brachial index (ABI), a non-invasive measure of PVD in the lower limbs, with cardiovascular disease [9] . They found that patients with an ABI < 0.9 were at greater risk for both fatal and non-fatal stroke. Another study by Manzano et al. reported a higher prevalence of extracranial carotid disease and one year stroke rate in patients with ABI < 0.8 who were admitted for acute cerebral infarction [10] . While these results point to an expected increased occurrence of stroke in patients with PVD, they do not assess the difference in the severity of outcomes once a stroke has occurred.
In contrast to our findings, Kim et al. found that a low ABI was associated with worse functional outcomes (mRS > 2) in patients with a first-ever acute cerebral infarction [11] . This difference in results may be due to several factors. Kim's study was performed in an exclusively Asian population while ours included a more heterogeneous racial background. Also, Kim's study included only individuals with ABI below 0.9, while our inclusion criteria was only a history of PVD that had not been treated surgically. We excluded patients that had undergone revascularization for PVD, whom are presumably those with more severe underlying PVD, and hence lower ABIs, to begin with. Therefore, our study may have selected patients with less severe PVD and less profoundly abnormal ABIs. In addition, the severe limb vascular insufficiency of the patients in Kim's study may have had a profound impact on those patients' recovery potential and thus impacted their final mRS. A limitation of our study is that ABI information was not available, and therefore we cannot conclude if there is level of low ABI below which the harmful effects of limb ischemia outweigh the potentially protective effects of preconditioning in terms of overall functional outcome. However, the measurements of infarct volumes we have performed have not been analyzed in prior studies on this subject. This volumetric analysis provides an additional quantitative evaluation of stroke severity that is unaffected by PVD-related limb symptoms and resulting effects on functional status. Final infarction volume is a useful surrogate endpoint when exploring the effects of RIPC on acute stroke as confounding factors, such as limb impairment, may affect functional outcomes.
Our study is limited by its retrospective design. However, we make efforts to overcome this limitation by using a matching algorithm to allow evaluation against a control group of patients without PVD with comparable demographics and risk factors. However, the retrospective nature of the study made it impossible to control for quantitative measures of PVD severity. There is also limited availability of diagnostic images for all cases, which reduced the number of matched pairs in which stroke volume assessments were made. 
Conclusion
This retrospective matched case-control study demonstrates that patients with PVD have better outcomes than patients without PVD following acute cerebral ischemia, in terms of NIHSS and mRS scores, infarct volume, and mortality. This suggests that chronic hypoperfusion of the lower extremities, such as that caused by PVD, may be a sufficient stimulus to induce the neuroprotective mechanisms of RIPC. Furthermore, this study supports the hypothesis that RIPC could have a protective effect in human ischemic stroke. Although the mechanisms involved in RIPC are still not completely elucidated, the association we are reporting and the potential neuroprotective effects of remote ischemic preconditioning should be further evaluated in prospective, randomized, controlled trials.
